Abstract: MoS 2 quantum dots (QDs) functionalized g-C 3 N 4 nanosheets (MoS 2 @CNNS) were prepared through a protonation-assisted ion exchange method, which were developed as a highly efficient biomimetic catalyst. Structural analysis revealed that uniformly-dispersed MoS 2 QDs with controllable size and different loading amount grew in-situ on the surface of CNNS, forming close-contact MoS 2 @CNNS nanostructures and exhibiting distinct surface properties. Compared to MoS 2 QDs and CNNS, the MoS 2 @CNNS nanocomposites exhibited a more than four times stronger peroxidase-like catalytic activity, which could catalyze the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) in the presence of H 2 O 2 to generate a blue oxide. Among the MoS 2 @CNNS nanocomposites, MoS 2 @CNNS(30) was verified to present the best intrinsic peroxidase-like performance, which could be attributed to the more negative potential and larger specific surface area. A simple, rapid and ultrasensitive system for colorimetric detection of H 2 O 2 was thus successfully established based on MoS 2 @CNNS, displaying nice selectivity, reusability, and stability. The detection limit of H 2 O 2 could reach as low as 0.02 µM. Furthermore, the kinetic and active species trapping experiments indicated the peroxidase-like catalytic mechanism of MoS 2 @CNNS. This work develops a novel, rapid, and ultrasensitive approach for visual assay of H 2 O 2 , which has a potential application prospect on clinical diagnosis and biomedical analysis.
Introduction
Over past decades, enzyme mimetics have caused extensive concern due to their favorable superiorities against harsh conditions compared to natural enzymes, such as low cost, easy preparation Scheme 1. Schematic illustration of peroxidase-like catalytic reaction of MoS2@CNNS nanocomposites.
Materials and Methods

Materials and Reagents
MoS2 powder and 3,3',5,5'-Tetramethylbenzidine (TMB) were purchased from Sigma-Aldrich (Shanghai, China). Melamine (C3H6N6), Na2MoO4•2H2O, Tioacetamida (TAA, CH3CSNH2), 1-methyl-2-pyrrolidone (NMP, C5H9NO), HCl, H2O2 (3 wt%), ethanol, isopropanol alcohol (IPA), pbenzoquinone (BQ), FeCl36H2O, CuSO45H2O, KNO3, NaClO, glucose (Glu), lactose (Lac), L-valine (L-Val), glycine (Gly), and other chemicals were all of analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Lircon antiseptic liquid was obtained from Shandong Lierkang Disinfection Technology Co., Ltd. (Dezhou, China). All aqueous solutions were prepared with Milli-Q water (Millipore, Boston, MA, USA).
Preparation of the Catalysts
The MoS2@CNNS nanocomposites were prepared according to our previous report by an in-situ ion exchange method in a protonation process [36] . The bulk g-C3N4 was firstly prepared via a calcination process. Then g-C3N4 nanosheets (CNNS) were obtained by the ultrasonic exfoliation method using bulk g-C3N4 powder. After a protonation process in HCl (37%) and an ion exchange process under a hydrothermal condition, the MoS2@CNNS nanocomposites were finally obtained and denoted as MoS2@CNNS(30) ('30' stands for the molar ratio of Na2MoO4•2H2O/CNNS was 30:1).
In addition, other MoS2@CNNS nanocomposites with different molar ratio were prepared as controls under the same conditions as those mentioned above, which were denoted as Scheme 1. Schematic illustration of peroxidase-like catalytic reaction of MoS 2 @CNNS nanocomposites.
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Materials and Reagents
MoS 2 powder and 3,3',5,5'-Tetramethylbenzidine (TMB) were purchased from Sigma-Aldrich (Shanghai, China). Melamine (C 3 H 6 N 6 ), Na 2 MoO 4 ·2H 2 O, Tioacetamida (TAA, CH 3 CSNH 2 ), 1-methyl-2-pyrrolidone (NMP, C 5 H 9 NO), HCl, H 2 O 2 (3 wt %), ethanol, isopropanol alcohol (IPA), p-benzoquinone (BQ), FeCl 3 ·6H 2 O, CuSO 4 ·5H 2 O, KNO 3 , NaClO, glucose (Glu), lactose (Lac), L-valine (L-Val), glycine (Gly), and other chemicals were all of analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Lircon antiseptic liquid was obtained from Shandong Lierkang Disinfection Technology Co., Ltd. (Dezhou, China). All aqueous solutions were prepared with Milli-Q water (Millipore, Boston, MA, USA).
Preparation of the Catalysts
The MoS 2 @CNNS nanocomposites were prepared according to our previous report by an in-situ ion exchange method in a protonation process [36] . The bulk g-C 3 N 4 was firstly prepared via a calcination process. Then g-C 3 N 4 nanosheets (CNNS) were obtained by the ultrasonic exfoliation method using bulk g-C 3 N 4 powder. After a protonation process in HCl (37%) and an ion exchange process under a hydrothermal condition, the MoS 2 @CNNS nanocomposites were finally obtained and denoted as MoS 2 @CNNS(30) ('30' stands for the molar ratio of Na 2 MoO 4 ·2H 2 O/CNNS was 30:1).
In addition, other MoS 2 @CNNS nanocomposites with different molar ratio were prepared as controls under the same conditions as those mentioned above, which were denoted as MoS 2 @CNNS (15) and MoS 2 @CNNS(45), respectively. Moreover, pure MoS 2 QDs were prepared as control via an ultrasonic exfoliation method [41] . In brief, 100 mg of MoS 2 powder was added into 10 mL of NMP and sonicated for 3.5 h. Then, the dispersion was kept stable overnight and centrifuged at 5500 r/min for 90 min. Finally, the MoS 2 QDs were obtained by collecting the top part of the dispersion.
Characterization
The crystal phase and structure of the as-prepared samples were analyzed by powder X-ray diffraction (XRD) measurements on a Germany Bruker D8 Advanced powder diffractometer using Cu K α radiation (λ = 0.15406 nm). The morphology and microstructure of the as-prepared samples were observed by transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), and selected area electron diffraction (SAED) (JEOL JEM-2100, Tokyo, Japan). Contents of S and Mo in MoS 2 @CNNS nanocomposites were measured via an inductively coupled plasma emission spectrometer (ICP-AES, Varian725-ES, Palo Alto, CA, USA). The specific surface areas were determined by an automatic nitrogen adsorption specific surface and pore size distribution analyzer (NOVA 4000e, Quantachrome Instruments, Boynton Beach, FL, USA) at 77 K after a pretreatment at 473 K for 2 h. The zeta potential tests were determined on a zeta potential measuring instrument (Zetasizer Nano-ZS, Malvern Instruments Ltd., Malvern, UK), which was examined six times (each time being the average of 100 runs) at pH 4.0, and the mean values and standard deviations were calculated automatically based on Smoluchowski's equation.
Peroxidase-Like Activities and Steady-State Kinetic Assay
The catalytic oxidation experiments (a peroxidase substrate TMB with H 2 O 2 ) were carried out at room temperature to comparably investigate the peroxidase-like activities of the as-prepared catalysts, including MoS 2 QDs, CNNS and MoS 2 @CNNS nanocomposites. Typically, the tests were performed by adding 200 µL of 600 µg/mL catalysts into the reaction systems containing 500 µL of 50.0 mM phosphate buffer solution (PBS, pH = 4.0), 100 µL of 8.0 mM TMB, and 200 µL of 10.0 mM H 2 O 2 . Then, the reaction systems were monitored in a time-scan mode at 652 nm by an UV-visible spectrophotometer (Shimadzu UV-2500, Kyoto, Japan) right after all of the components were added and mixed. The effect of MoS 2 @CNNS(30) concentration (0-200 µg/mL), H 2 O 2 concentration (0-5.0 mM), pH (2.0-9.0), and temperature (10-50 • C) on the peroxidase-like activity of MoS 2 @CNNS(30) were also tested by the same procedures mentioned above to probe the optimal reaction conditions (Supplementary Information Figure S2 and Figure S3 ).
The steady-state kinetic tests were performed in a time course mode at 652 nm by an UV-visible spectrophotometer under the optimal experimental conditions (25.0 mM PBS, pH = 4.0, 25 • C, 120 µg/mL MoS 2 @CNNS(30)) by varying the concentration of TMB at a fixed concentration of H 2 O 2 or vice versa [4, 42] . The Michaelis-Menten constant was measured using the Lineweaver-Burk double reciprocal plot according to the equation [4, 42] , where v is the initial reaction velocity, K m is the Michaelis-Menten constant, V max is the maximum reaction velocity, and [S] is the concentration of substrate.
Analysis of Active Species
To explore the roles of active species played in the catalytic reaction, the active species trapping experiments were carried out. In brief, scavengers (10.0 mM IPA, a scavenger of ·OH; 10.0 mM BQ, a scavenger of ·O 2 − ) were added into the reaction systems respectively to remove the active species under the optimal experimental conditions [23, 24, 43] . Then, the absorbance and color change of the reaction system was recorded at 652 nm by an UV-visible spectrophotometer.
H 2 O 2 Detection
A colorimetric detection system of H 2 O 2 was set up based on the nice peroxidase-like performances of MoS 2 @CNNS(30). The reaction system contained 100 µL of 8.0 mM TMB, 200 µL of 600 µg/mL MoS 2 @CNNS(30), 200 µL of H 2 O 2 with different concentrations (0-0.1 mM), and 500 µL of 50.0 mM PBS (pH = 4.0). Then, the absorbance change of the mixture was recorded on time-mode at 652 nm with an UV-visible spectrophotometer to obtain a standard curve.
In addition, the specificity and selectivity of MoS 2 @CNNS(30)-based detection system were evaluated by adding some potential interfering substances into the reaction system under the same experimental conditions mentioned above, such as metal and non-metal ions (20. 
Stability and Reusability of the Catalysts
The stability and reusability of MoS 2 @CNNS(30) were studied by recycling the H 2 O 2 detection assays 10 times under optimal experimental conditions. The reaction system was monitored at 652 nm by a UV-visible spectrophotometer for 10 min. After each cycle, the MoS 2 @CNNS(30) samples were collected by centrifugation, washed with Milli-Q water and alcohol, dried at 60 • C for 30 min, and then reused in the next cycle. The crystal structure and morphology of MoS 2 @CNNS(30) samples after 10 cycles were characterized by XRD and TEM as described above.
Results
Characterization of the Catalysts
The crystal phase, structure, and crystallinity of the as-prepared samples were determined by XRD. It can be seen in Figure 1a that two tiny diffraction peaks can be barely seen in the XRD pattern of MoS 2 QDs, which can be attributed to the (100) and (110) lattice planes of MoS 2 , respectively. However, the two diffraction peaks were extremely weak, which implied that the MoS 2 QDs had poor crystallinity [36] . In addition, the CNNS samples show a strong peak at 27.29 • , which can be attributed to the characteristic of the stacking peak of π-conjugated layers and indexed for the interlayer reflection of a graphite-like structure as the (002) peak [29, 36, 44] , consistent with the literature value (JCPDS No. 87-1526). Moreover, the absence of a (100) peak and the presence of a sharp (002) peak further confirmed the layered structures of CNNS samples and the good crystallinity of CNNS. As for the MoS 2 @CNNS composites (Figure 1b) , all the characteristic diffraction peaks can be well indexed to the graphite-like structure of CNNS (JCPDS No. 87-1526) and hexagonal phase MoS 2 (JCPDS Card No. 37-1492), indicating that MoS 2 QDs were successfully formed on the surface of CNNS through the aid of ion-exchange process. Furthermore, with increasing the loading amount of MoS 2 QDs, the relative intensity of corresponding (100) and (110) diffraction peaks of MoS 2 strengthened gradually, while the characteristic peaks of MoS 2 were still relatively weak and broad in the composites owing to the size effect of quantum dots. There were no significant shifts of the characteristic diffraction peaks occurring in the MoS 2 @CNNS composites, implying that MoS 2 QDs existed as a separate phase rather than being incorporated into the lattice of CNNS [36] . No impurity peaks were observed in the obtained samples, indicating the pure phase of the samples. Hence, these results indicated that the MoS 2 @CNNS nanocomposites were successfully obtained through the synergistic effect of anion-exchange and hydrothermal process. To obtain more detailed information about the morphologies and microstructures of the asprepared catalysts, TEM and HRTEM characterizations were carried out. It can be seen in Figure 2a that the MoS2 QDs showed a highly homogeneously monodispersed QDs nanostructures with the diameter of about 2-3 nm, indicating the successful preparation of MoS2 QDs through the ultrasonic exfoliation method in NMP. Figure 2b presents a typical morphology of slabs with wrinkles of bulk g-C3N4, and after ultrasonic treatment for 16 h, the three-dimensional (3D) structure of bulk g-C3N4 was broken up into CNNS with 2D lamellar structure with the thickness of about 2.5 nm (Figure 2c) . Thus, the as-prepared 2D CNNS nanosheets exhibited a thinner and explanate lamellar structure, which could provide a larger surface area and more reactive sites in the MoS2@CNNS nanocomposites. Figure 2d -f shows the typical TEM images of MoS2@CNNS nanocomposites. It can be seen that the MoS2 QDs with the diameter of about 2.5-5.5 nm were uniformly distributed on the surface of CNNS nanosheets, and with increasing the amount of Na2MoO4•2H2O in the ion exchange process, more and larger MoS2 QDs were formed. No MoS2 QDs were observed except for the surface of CNNS, indicating that the elaborate protonation effect in the ion exchange process leaded to the in-situ nucleation and growth of MoS2 QDs on the surface of CNNS. And the large surface area of CNNS provided a nice reaction area, which effectively promoted the in-situ reaction process, resulting in the successful formation of MoS2@CNNS nanocomposites. Moreover, the HRTEM image was examined to give further insight into the crystal structure of the MoS2@CNNS(30) nanocomposites corresponding to the circled region in Figure 2e . It can be seen in Figure 2g that a lattice spacing of 0.65 nm was obviously shown in the CNNS, which is in accordance with the (002) lattice plane of tetragonal C3N4. In addition, the QDs displayed well-defined lattice fringes parallel to each other with the same interplanar spacing of 0.27 nm, which can be indexed to the (100) lattice plane of hexagonal-phase MoS2. Meanwhile, several apparent diffraction rings were observed in the selected area electron diffraction (SAED) pattern of MoS2@CNNS (30) (Figure 2h ), which can be well indexed to the lattice planes of MoS2 and g-C3N4, respectively, coinciding well with the XRD results. Therefore, these results indicated that a close-contact and well-defined MoS2@CNNS nanostructure was formed via the planar in-situ growth of uniformly-dispersed MoS2 QDs on the surface of CNNS during the protonation-assisted ion exchange process, which is a facile and controllable approach to obtain uniform and dispersive MoS2 QDs on the surface of substrate. To obtain more detailed information about the morphologies and microstructures of the as-prepared catalysts, TEM and HRTEM characterizations were carried out. It can be seen in Figure 2a that the MoS 2 QDs showed a highly homogeneously monodispersed QDs nanostructures with the diameter of about 2-3 nm, indicating the successful preparation of MoS 2 QDs through the ultrasonic exfoliation method in NMP. Figure 2b presents a typical morphology of slabs with wrinkles of bulk g-C 3 N 4 , and after ultrasonic treatment for 16 h, the three-dimensional (3D) structure of bulk g-C 3 N 4 was broken up into CNNS with 2D lamellar structure with the thickness of about 2.5 nm (Figure 2c ). Thus, the as-prepared 2D CNNS nanosheets exhibited a thinner and explanate lamellar structure, which could provide a larger surface area and more reactive sites in the MoS 2 @CNNS nanocomposites. Figure 2d -f shows the typical TEM images of MoS 2 @CNNS nanocomposites. It can be seen that the MoS 2 QDs with the diameter of about 2.5-5.5 nm were uniformly distributed on the surface of CNNS nanosheets, and with increasing the amount of Na 2 MoO 4 ·2H 2 O in the ion exchange process, more and larger MoS 2 QDs were formed. No MoS 2 QDs were observed except for the surface of CNNS, indicating that the elaborate protonation effect in the ion exchange process leaded to the in-situ nucleation and growth of MoS 2 QDs on the surface of CNNS. And the large surface area of CNNS provided a nice reaction area, which effectively promoted the in-situ reaction process, resulting in the successful formation of MoS 2 @CNNS nanocomposites. Moreover, the HRTEM image was examined to give further insight into the crystal structure of the MoS 2 @CNNS(30) nanocomposites corresponding to the circled region in Figure 2e . It can be seen in Figure 2g that a lattice spacing of 0.65 nm was obviously shown in the CNNS, which is in accordance with the (002) lattice plane of tetragonal C 3 N 4 . In addition, the QDs displayed well-defined lattice fringes parallel to each other with the same interplanar spacing of 0.27 nm, which can be indexed to the (100) lattice plane of hexagonal-phase MoS 2 . Meanwhile, several apparent diffraction rings were observed in the selected area electron diffraction (SAED) pattern of MoS 2 @CNNS(30) (Figure 2h ), which can be well indexed to the lattice planes of MoS 2 and g-C 3 N 4 , respectively, coinciding well with the XRD results. Therefore, these results indicated that a close-contact and well-defined MoS 2 @CNNS nanostructure was formed via the planar in-situ growth of uniformly-dispersed MoS 2 QDs on the surface of CNNS during the protonation-assisted ion exchange process, which is a facile and controllable approach to obtain uniform and dispersive MoS 2 QDs on the surface of substrate.
In order to further probe the contents of S and Mo in MoS 2 @CNNS nanocomposites, ICP-AES was examined. Quantitative analysis results showed the loading amount of MoS 2 QDs on the surface of CNNS is about 2.0, 5.7 and 5.7 wt % for MoS 2 @CNNS(15), MoS 2 @CNNS(30) and MoS 2 @CNNS(45), respectively (Table S1 ). These results indicated that with increasing the amount of Na 2 MoO 4 ·2H 2 O in the ion exchange process, the loading capacity and protonated reactive site of CNNS was reaching saturation, which greatly restricted the formation of more MoS 2 QDs. In order to further probe the contents of S and Mo in MoS2@CNNS nanocomposites, ICP-AES was examined. Quantitative analysis results showed the loading amount of MoS2 QDs on the surface of CNNS is about 2.0, 5.7 and 5.7 wt % for MoS2@CNNS (15) , MoS2@CNNS (30) and MoS2@CNNS(45), respectively (Table S1 ). These results indicated that with increasing the amount of Na2MoO4•2H2O in the ion exchange process, the loading capacity and protonated reactive site of CNNS was reaching saturation, which greatly restricted the formation of more MoS2 QDs.
In addition, the Brunauer Emmett Teller (BET) specific surface area is a significant affecting factor for the catalytic abilities of catalysts, which was determined by the nitrogen adsorption method [23, 24, 45] . And the specific surface areas of MoS2@CNNS (15) Figure S1a ), though MoS2@CNNS(45) loaded a little bit more MoS2 QDs, while the agglomeration of the QDs could decrease the specific surface area. As is well known, a larger specific surface area will lead to more active sites, better adsorption performance, and faster electron transfer for catalysts, and will further improve the catalytic activities. Hence, MoS2@CNNS (30) nanocomposites are expected to display enhanced peroxidase-like activity.
Furthermore, the zeta potentials of the MoS2@CNNS nanocomposites were tested to explore their adsorption properties to molecules with different charges, which is also a significant indicator of the catalytic activities for catalysts. Thus, the zeta potentials of MoS2@CNNS nanocomposites were determined as −30. In addition, the Brunauer Emmett Teller (BET) specific surface area is a significant affecting factor for the catalytic abilities of catalysts, which was determined by the nitrogen adsorption method [23, 24, 45] . And the specific surface areas of MoS 2 @CNNS (15) (30) nanocomposites presented a larger specific surface area among the as-prepared catalysts (Figure S1a), though MoS 2 @CNNS(45) loaded a little bit more MoS 2 QDs, while the agglomeration of the QDs could decrease the specific surface area. As is well known, a larger specific surface area will lead to more active sites, better adsorption performance, and faster electron transfer for catalysts, and will further improve the catalytic activities. Hence, MoS 2 @CNNS(30) nanocomposites are expected to display enhanced peroxidase-like activity.
Furthermore, the zeta potentials of the MoS 2 @CNNS nanocomposites were tested to explore their adsorption properties to molecules with different charges, which is also a significant indicator of the catalytic activities for catalysts. Thus, the zeta potentials of MoS 2 Figure S1b ). The results indicated that different quantities of MoS 2 QDs loaded onto the surface of CNNS contributed to different surface charges of MoS 2 @CNNS nanocomposites, which would further lead to different peroxidase-like activities. Therefore, based on the XRD, TEM, ICP-AES, BET, and zeta potential results mentioned above, it can be deduced that the MoS 2 @CNNS nanocomposites prepared via the protonation-assisted ion exchange process showed different morphologies and structures due to the molar ratio of Na 2 MoO 4 ·2H 2 O/CNNS, leading to their different surface/interface properties and further contributing to the distinct peroxidase-like performance.
Peroxidase-Like Activities of MoS 2 @CNNS(30) Nanocomposites
To investigate the peroxidase-like activity of MoS 2 @CNNS(30) nanocomposites, the TMB catalytic oxidation experiments were conducted with or without H 2 O 2 by the UV-visible absorption spectra in the range of 400-800 nm. It can be seen in Figure 3a that low absorption presented in the TMB + MoS 2 @CNNS(30), the H 2 O 2 + TMB system, and the H 2 O 2 + MoS 2 @CNNS(30) system, while the H 2 O 2 + TMB + MoS 2 @CNNS(30) system exhibited an evident absorption peak at 652 nm, indicating that the MoS 2 @CNNS(30) nanocomposites could play a key role in catalyzing the oxidation of TMB in the presence of H 2 O 2 . In addition, the significant color changes of different reaction systems were observed in Figure 3b , which coincided with the absorption spectra. It can be seen that the TMB + MoS 2 @CNNS (30) charges of MoS2@CNNS nanocomposites, which would further lead to different peroxidase-like activities. Therefore, based on the XRD, TEM, ICP-AES, BET, and zeta potential results mentioned above, it can be deduced that the MoS2@CNNS nanocomposites prepared via the protonation-assisted ion exchange process showed different morphologies and structures due to the molar ratio of Na2MoO4•2H2O/CNNS, leading to their different surface/interface properties and further contributing to the distinct peroxidase-like performance.
Peroxidase-Like Activities of MoS2@CNNS(30) Nanocomposites
To investigate the peroxidase-like activity of MoS2@CNNS(30) nanocomposites, the TMB catalytic oxidation experiments were conducted with or without H2O2 by the UV-visible absorption spectra in the range of 400-800 nm. It can be seen in Figure 3a that low absorption presented in the TMB + MoS2@CNNS(30), the H2O2 + TMB system, and the H2O2 + MoS2@CNNS(30) system, while the H2O2 + TMB + MoS2@CNNS(30) system exhibited an evident absorption peak at 652 nm, indicating that the MoS2@CNNS(30) nanocomposites could play a key role in catalyzing the oxidation of TMB in the presence of H2O2. In addition, the significant color changes of different reaction systems were observed in Figure 3b , which coincided with the absorption spectra. It can be seen that the TMB + MoS2@CNNS(30) system, the H2O2 + TMB system, and the H2O2 + MoS2@CNNS(30) system were almost colorless. However, the H2O2 + TMB + MoS2@CNNS(30) system showed an apparent color variation, presenting a deep blue color, further demonstrating the excellent peroxidase-like properties of the MoS2@CNNS(30) nanocomposites. What's more, the peroxidase-like activities of other MoS2@CNNS, pure MoS2 QDs, and CNNS samples were studied and compared via the catalytic oxidation of TMB in the presence of H2O2. It What's more, the peroxidase-like activities of other MoS 2 @CNNS, pure MoS 2 QDs, and CNNS samples were studied and compared via the catalytic oxidation of TMB in the presence of H 2 O 2 . It can be seen in Figure 3c different reaction systems also presented a similar result with the absorption spectra. As shown in Figure 3d , the MoS 2 @CNNS(30)-based assay system showed the deepest blue color compared to that of other materials. Therefore, these results further indicated the enhanced peroxidase-like activities of the MoS 2 @CNNS(30) nanocomposites compared to other MoS 2 @CNNS nanocomposites, pure CNNS, and MoS 2 QDs. The more negative charge, larger specific surface area, and stable nanostructure of MoS 2 @CNNS(30) mainly facilitated its superior and enhanced peroxidase-like performance, which could increase the binding affinity and absorption to TMB molecules, improve the electron transfer, accelerate the reaction rate, and further improve the peroxidase-like catalytic performance [29] . On the other hand, one can find that both CNNS and MoS 2 QDs showed a certain intrinsic peroxidase-like catalysis behavior toward TMB-H 2 O 2 reaction, which could be attributed to the quantum effect and catalysis-active segments of MoS 2 QDs and CNNS. Thus, when MoS 2 QDs were loaded on CNNS by the in-situ growth process, the resulting MoS 2 @CNNS(30) nanocomposites could display much higher peroxidase-like activities than pure CNNS and MoS 2 QDs on account of the synergistic effect of high conductivity and electron transfer capability for CNNS and highly-efficient intrinsic catalytic activity for MoS 2 QDs [29, 36] . The bonding carbon network in CNNS could donate electrons to reduce H 2 O 2 by accelerating the electron transfer from microcosmic point of view [29] . Furthermore, as a good supporter, CNNS could apparently improve the aqueous dispersion and stability of the nanocomposites. Thus, all of the favorable factors effectively improved the peroxidase-like performances of MoS 2 @CNNS(30) nanocomposites. Hence, these results confirmed the enhanced peroxidase-like activities of the MoS 2 @CNNS(30) nanocomposites, making it a potential highly-efficient colorimetric sensor for H 2 O 2 detection.
Steady-State Kinetics Assay
For further insight into the peroxidase-like catalytic behavior of the MoS 2 @CNNS(30) nanocomposites, the steady-state kinetic assays were carried out with H 2 O 2 and TMB as substrates. The kinetic data were collected by changing the concentration of one substrate while keeping the other substrate concentration constant [4, 42] . Thus, the typical Michaelis-Menten curves were recorded by varying the concentration of TMB or H 2 O 2 while keeping the other one constant, as shown in Figure 4a Table S2 . It is well known that K m is an important indicator of the binding affinity of enzyme to the substrates, and that it affects the reaction rate; a smaller value of K m generally means a stronger affinity between the enzyme and the substrate [4, 29, 38, 42, 46, 47] . As listed in Table S2 , the K m value of MoS 2 @CNNS(30) with TMB was obviously lower than that of the natural enzyme HRP, implying that MoS 2 @CNNS(30) had a stronger binding affinity to TMB than HRP, which might be attributed to the CNNS carriers with strong adsorption to TMB [4, 29, 38, 42] . In addition, the V max of MoS 2 @CNNS(30) with TMB was more than two times larger than that of HRP, indicating a favorable tendency of a higher reaction rate, which could the result of the presence of tiny MoS 2 QDs loaded on the surface of CNNS, as well as the rapid electron transfer capability of CNNS itself [29, 36, 38] . The K m value of MoS 2 @CNNS(30) with H 2 O 2 was higher than that of HRP, suggesting a lower binding affinity between MoS 2 @CNNS(30) and H 2 O 2 than that of HRP. Furthermore, the typical Michaelis-Menten behavior towards TMB and H 2 O 2 with various concentrations in the peroxidase-like catalytic reaction were measured, respectively. And the double-reciprocal plots (Figure 4c,d ) of initial velocity against one substrate concentration showed the characteristic parallel lines, indicating a typical ping-pong mechanism of the peroxidase-like catalytic reaction [4, 23, 24, 29, 38, 42, 46, 47] . Hence, these results inferred that MoS 2 @CNNS(30) bound and reacted with the first substrate and then released the first product before reacting with the second substrate, which is similar to that of HRP [1] [2] [3] [4] 42, 48] . MoS2@CNNS (30) bound and reacted with the first substrate and then released the first product before reacting with the second substrate, which is similar to that of HRP [1] [2] [3] [4] 42, 48] . 
Active Species Analysis and Peroxidase-Like Catalytic Mechanism Study
It is reported that the reaction system contained H2O2, which would easily produce some active radicals such as OH and O2 -that could play significant roles in catalytic reaction [23, 24, 49, 50] . Hence, in order to explore the peroxidase-like catalytic mechanism of MoS2@CNNS(30) nanocomposites, actives species trapping experiments were carried out by adding different scavengers (IPA as ·OH scavengers and BQ as O2 − scavengers) into the reaction systems under other fixed experimental conditions. It can be seen in Figure 5 that an evident decrease in absorption and color fading of the reaction system was seen with the addition of BQ, while little change in absorption and color was observed after adding IPA. These results indicated that the MoS2@CNNS(30) nanocomposites could catalytically activate H2O2 to generate O2 − radicals in the peroxidase-like catalytic reaction, which subsequently play major roles in oxidizing TMB to produce a TMB oxide with a blue color. 
It is reported that the reaction system contained H 2 O 2 , which would easily produce some active radicals such as ·OH and ·O 2 − that could play significant roles in catalytic reaction [23, 24, 49, 50] . Hence, in order to explore the peroxidase-like catalytic mechanism of MoS 2 @CNNS(30) nanocomposites, actives species trapping experiments were carried out by adding different scavengers (IPA as ·OH scavengers and BQ as ·O 2 − scavengers) into the reaction systems under other fixed experimental conditions. It can be seen in Figure 5 that an evident decrease in absorption and color fading of the reaction system was seen with the addition of BQ, while little change in absorption and color was observed after adding IPA. These results indicated that the MoS 2 @CNNS(30) nanocomposites could catalytically activate H 2 O 2 to generate ·O 2 − radicals in the peroxidase-like catalytic reaction, which subsequently play major roles in oxidizing TMB to produce a TMB oxide with a blue color. On the basis of the above experimental results and some previous literature [1] [2] [3] [4] 23, 24, [28] [29] [30] [31] [32] [37] [38] [39] [40] , the peroxidase-like catalytic mechanism of MoS 2 @CNNS(30) nanocomposites was proposed, and is illustrated in Scheme 1. It can be seen that the negatively-charged MoS 2 @CNNS(30) nanocomposites could act as the peroxidase mimics, facilitating the electron transfer between TMB and H 2 O 2 in the catalytic oxidation reaction. During the reaction process, many positively-charged TMB molecules would be absorbed onto the surface of MoS 2 @CNNS(30) nanocomposites owing to the large specific surface area, acting as the chromogenic electron donors. Then, the TMB molecules would donate the lone-pair electrons from the amino groups to the surface of MoS 2 @CNNS (30) On the basis of the above experimental results and some previous literature [1] [2] [3] [4] 23, 24, [28] [29] [30] [31] [32] [37] [38] [39] [40] , the peroxidase-like catalytic mechanism of MoS2@CNNS(30) nanocomposites was proposed, and is illustrated in Scheme 1. It can be seen that the negatively-charged MoS2@CNNS (30) nanocomposites could act as the peroxidase mimics, facilitating the electron transfer between TMB and H2O2 in the catalytic oxidation reaction. During the reaction process, many positively-charged TMB molecules would be absorbed onto the surface of MoS2@CNNS(30) nanocomposites owing to the large specific surface area, acting as the chromogenic electron donors. Then, the TMB molecules would donate the lone-pair electrons from the amino groups to the surface of MoS2@CNNS (30) nanocomposites, enhancing the density and mobility of electrons on the surface of MoS2@CNNS (30), then promoting the electron transfer from MoS2@CNNS(30) to H2O2, and further accelerating the TMB catalytic oxidation reaction rate [4, 23, 24, [28] [29] [30] [31] [32] [37] [38] [39] [40] . Subsequently, the oxidized intermediate ·O2 − radicals generated in the reaction between MoS2@CNNS(30) and H2O2 via one electron transfer would react with TMB molecules to generate a TMB oxide, leading to the color change of the system from colorless to blue [4, 23, 24, [28] [29] [30] [31] [32] [37] [38] [39] [40] . The corresponding chemical equation was: 2H 2 O 2 + TMB → 2H 2 O + O 2 + oxTMB . Hence, in light of the excellent peroxidase-like catalytic activity, MoS2@CNNS(30) nanocomposites exhibited a promising application prospect in medical diagnostics and environmental assay.
Detection of H2O2 by MoS2@CNNS(30)-Based Assay System
On the basis of the aforementioned intrinsic and enhanced peroxidase-like catalytic activity of MoS2@CNNS(30), a simple, rapid and ultrasensitive colorimetric method for the visual detection of H2O2 was developed. As the absorbance of oxidized TMB was in proportion to the H2O2 concentration, it was a simple approach to determine H2O2 at 652 nm only by the naked eye, or by using an UV-visible spectrometer. Figure 6a shows the time-course dependent absorbance changes at 652 nm of the oxidized TMB in the presence of H2O2 with different concentrations. It can be seen that the reaction rate increased by increasing the concentration of H2O2 from 0.002 mM to 0.10 mM. 
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On the basis of the aforementioned intrinsic and enhanced peroxidase-like catalytic activity of MoS 2 @CNNS(30), a simple, rapid and ultrasensitive colorimetric method for the visual detection of H 2 O 2 was developed. As the absorbance of oxidized TMB was in proportion to the H 2 O 2 concentration, it was a simple approach to determine H 2 O 2 at 652 nm only by the naked eye, or by using an UV-visible spectrometer. Figure 6a shows the time-course dependent absorbance changes at 652 nm of the oxidized TMB in the presence of H 2 O 2 with different concentrations. It can be seen that the reaction rate increased by increasing the concentration of H 2 O 2 from 0.002 mM to 0.10 mM. Moreover, it can be seen in Figure 6b that the typical H 2 O 2 concentration-response curve displayed a linear response in the range of 2.0 µM to 50.0 µM, and the linear fitting equation is A 652nm = 1.63 × 10 −3 + 0.748C (mM), with a correlation coefficient of 0.9956. Hence, the detection limit of H 2 O 2 was estimated to be 0.02 µM. In addition, as shown in the inset of Figure 6b , the color variation for H 2 O 2 response as low as 1.0 µM was also apparently observed by the naked eye, which offered a convenient approach to detect H 2 O 2 even at low concentrations. Furthermore, compared to some other previously-reported nanomaterials with peroxidase-like activities [17, 25, 29, 30, 37, 39, 42, 46, 51] (Table S3) , MoS 2 @CNNS(30) nanocomposites revealed a reasonable linear range and a lower detection limit for H 2 O 2 detection, further confirming their superior peroxidase-like catalytic activity and sensitivity. Therefore, these results indicated that the visual biosensing platform based on MoS 2 @CNNS(30) was a simple, rapid, and convenient method for H 2 O 2 detection with ultrasensitive response.
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Selectivity and Applicability of MoS2@CNNS(30)-Based Assay System
To estimate the selectivity of MoS2@CNNS(30)-TMB-H2O2 detection system, some other substances, such as Fe 3+ , Cu 2+ , NO3 − , ClO − , Glu, Lac, L-Val, and Gly, with the concentration of 20.0 mM were added into the reaction system respectively as the potential interferents instead of H2O2. In addition, a commercial antiseptic liquid (diluted 1000 times) was used to check the practical applicability and accuracy of the H2O2 detection system in a real sample (RS). It can be seen in Figure  7 that no evident absorbance at 652 nm and color change were observed, though the concentrations of these interferents were 10 times higher than that of standard H2O2 (2.0 mM), indicating a nice selectivity of the detection system. Moreover, the diluted commercial antiseptic liquid presented an obvious absorbance and light blue color, and the concentration of H2O2 in the commercial antiseptic liquid could be calculated to be about 0.77 M based on the calibration curve shown in Figure. 6b, which was close to the actual concentration of the commercial antiseptic liquid (0.79 M). Therefore, these results exhibited the favorable applicability in complicated conditions of the MoS2@CNNS(30)-based H2O2 detection system, which favored the practical and rapid determination of H2O2 in various environments. 
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Stability and Reusability of MoS2@CNNS(30)-Based Assay System
In order to study the stability and reusability of MoS2@CNNS(30)-based H2O2 detection system, the peroxidase-like experiments were conducted by repeating the reaction for ten successive cycles. 
Stability and Reusability of MoS 2 @CNNS(30)-Based Assay System
In order to study the stability and reusability of MoS 2 @CNNS(30)-based H 2 O 2 detection system, the peroxidase-like experiments were conducted by repeating the reaction for ten successive cycles. After each cycle, the MoS 2 @CNNS(30) samples were collected, washed several times with Milli-Q water and ethanol, and dried, and then reused in the next cycle. Every cycle lasted for 10 min. It can be seen in Figure 8a ,b that there was no significant change of the reaction system absorbance at 652 nm during the recycling tests, accompanied by no color variations of the reaction system observed in the recycling tests, showing the excellent reusability and stable peroxidase-like performance of the MoS 2 @CNNS(30)-based H 2 O 2 detection system. The relative standard deviation (RSD) of the absorbance values was only 1.72%, which further confirmed the nice reproducibility, stability, and reusability of the MoS 2 @CNNS(30)-based assay system even for 10 cycles. Moreover, XRD and TEM were used to further analyze the crystal structure and morphology of MoS 2 @CNNS(30) after ten successive cycles. It can be seen in Figure 8c that the XRD pattern of MoS 2 @CNNS(30) after ten successive cycles displayed no apparent change in both peak intensity and position, implying the stable crystal structure of MoS 2 @CNNS(30) samples kept in the recycling tests. In addition, no significant morphology variation was observed in the TEM image of MoS 2 @CNNS(30) samples after ten successive cycles (Figure 8d ), though a little impurity appeared on the surface of CNNS, exhibiting the good stability in crystal structure and morphology. Hence, good stability, reusability, reproducibility and precision of the MoS 2 @CNNS(30)-based assay system suggested that the peroxidase-like colorimetric method might be used to analyze H 2 O 2 in real water samples, which also favored long-term use. 
Conclusions
In conclusion, the MoS2@CNNS nanocomposites were successfully synthesized via a protonation-assisted ion exchange method, which were demonstrated to display an enhanced intrinsic peroxidase-like activity. The in-situ growth of MoS2 QDs on the surface of ultrathin CNNS formed a stable nanostructure, facilitating the synergetic effects of high conductivity and electrontransfer capability for CNNS and intrinsic catalytic activity for MoS2 QDs, and thus, greatly 
In conclusion, the MoS 2 @CNNS nanocomposites were successfully synthesized via a protonation-assisted ion exchange method, which were demonstrated to display an enhanced intrinsic peroxidase-like activity. The in-situ growth of MoS 2 QDs on the surface of ultrathin CNNS formed a stable nanostructure, facilitating the synergetic effects of high conductivity and electron-transfer capability for CNNS and intrinsic catalytic activity for MoS 2 QDs, and thus, greatly improving the peroxidase-like performance of the nanocomposites. In addition, the MoS 2 @CNNS nanocomposites revealed different morphologies, surface properties, and peroxidase-like activities, owing to the different amount of MoS 2 QDs loading on the surface of CNNS. The MoS 2 @CNNS(30) nanocomposites showed the best peroxidase-like ability among the composites, which could be attributed to their more negative potential and larger specific surface area. In the presence of H 2 O 2 and the peroxidase substrate TMB, MoS 2 @CNNS(30) could induce a typical blue color reaction, thus providing a colorimetric assay for H 2 O 2 . The catalytic activity was strongly dependent on the catalyst concentration, H 2 O 2 concentration, pH, and temperature. Moreover, the kinetic and active species trapping experiments indicated that the catalytic reaction followed a ping-pong mechanism, and the ·O 2 − radicals played a pivotal role in the peroxidase-like catalytic reaction. Based on the excellent peroxidase-like catalytic performance of MoS 2 @CNNS(30) nanocomposites, a simple, rapid, and ultrasensitive platform for colorimetric detection of H 2 O 2 was developed, which exhibited a nice selectivity, reusability, long-term stability, and practicability, making it a potential biosensing material for the practical applications in H 2 O 2 detection and biomedical analysis. Furthermore, this work offers some new insights and targeted directions for novel enzymatic mimics with enhanced catalytic activity. 
